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High-resolution neutron-scattering study of the roton in confined superfluid “He
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We report high-resolution neutron inelastic-scattering measurements of the roton energy and linewidth of
superfluid*He confined in 95% porosity aerogel glass for temperatures<0T@81.2 K. The confined roton
line shape can be described well by a damped harmonic osci{laté®) function, as in the bulk. The energy
of the confined roton is essentially temperature independent over this temperature range. The roton linewidth
does not exhibit a finite width of greater than &V at low temperature. This result is in contrast to previous
measurements carried out at lower resolut{®@0163-182809)01118-2

INTRODUCTION etal’ to be of the order of 0.JueV. However, at 1.3 K,
Gibbs et al.” reported a roton width of some 1@eV. Re-
The excitation spectrum of bulk superflide consists of ~cently an extensive study by Plantewén al.® mapping out
a phononlike excitation at low-momentum transfép, ~ the behavior of the low-energy excitations%fe confined in
<1 A1 and a minimum in energy at aroul@=1.9A"1  95% porosity aerogel, reported a roton width &€V at 0.5
known as the roton minimum. This very sharp roton excita-K- )
tion disappears completely at temperatures above the super- The upgrade of the neutron backscattering spectrotheter
fluid transition temperaturg, , and has come to be regarded (IN10) at the Institut Laue-Langevin has allowed us to access
as a signature of the superfluid phageit low temperatures, f[he momentum and energy transfer regpn_of Interest W'.th an
roton-roton interaction theofypredicts that the width of the !nelastlc energy resolution of1 peV. This is a sub§tantlal
roton in the bulk liquid tends towards zero corresponding tgMmprovement on those emp_loyed n all of th_e previous stud-
an infinite lifetime. This has been shown to be in good agree!®S: Planteviret al. used an inelastic resolution of 13V
ment with experimert. a}nd Dlmepet al, Sokolet al, .and Gibbset al. used an elas-
Recent interest has focused on the effects of confinemeif resolution of 15uev. we f'.nd that at the _Iovyest tempera-
of superfluid*He in porous glasses. Aerogel glass has arture meagured, the broadening of the excitation due to con-
open-pore morphology and consists of a network of silicd'nement in the aerogel pores does not exceedu@N.
strands giving rise to a broad distribution of pore si@gasg-
ing from 50-500 A. The high-resolution experiments of
Dimeo et al,> Soko et al.® and Gibbset al.” showed that,
while the low-temperature excitation energies of the confined The experiments were carried out on the inverse geometry
liquid are very similar to those of the bulk, their variation spectrometer, IN10, at the Institut Laue-Langevin, Grenoble.
with temperature is markedly different. Whéhle is con-  The high energy resolution of IN1@onfiguration IN10B is
fined in the pores of aerogel glass, some roton broadeningbtained by orienting both the N&F1) monochromator
may be expected due to the restricted geometry imposed byrystals and the §i11) analyzer in a backscattering configu-
its pores. This broadening has been estimated by Gibbstion with a final neutron energy of 2.08 meV. The incident

EXPERIMENTAL DETAILS
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neutron energies are selected by Bragg scattering from the @)
monochromator crystal. The energy scan through the region Bulk helium:
of interest is obtained by heating and cooling the monochro- 0.80L
mator, and hence varying the lattice parameter by thermal 5211'_)3;'(
expansion. In order to correct for possible errors due to hys- 21'=0.70£0.20peV
teresis with scan direction, two scaf@e heating, and one 0.40f
cooling the monochromatprwere performed for each @
(sample temperature measured. To ensure that the correct g
momentum transfe€ was studied, it was necessary to im- S 0.00[ssm
prove theQ resolution,AQ, of IN10. This was achieved by '§ 0.60F (b)
restricting the exposed area of the analyzer crystals to the = Helium in aerogel:
locus of Q(fw)=1.935+0.005A ! with a suitable cad- g ool =K
mium mask. Z, O UF Q=193

The aerogel glass used in the measurement was of 95% 2=0.82+0.20ueV
porosity and was made by the decomposition of tetramethox- 0.20

silane solution into $OH), and methanol. $OH), is un-
stable and polymerizes readily into colloidal aggregates of O & Y
SiO, releasing water. The result is a silica glass mesh im- 0.00 =2 N ' .

i : 732 736 740 744
mersed in methanol. Removal of the methanol is performed
by a hypercritical drying process. The helium sample was Energy transfer (ueV)
condensed into a cylindrical cell containing 13 %of the FIG. 1. Raw datalopen circles and least-squares fits to the

glass. The intensity of the observed roton peak correspond odel described in the texsolid line) at the lowest temperatures
well to 'ghe open pore volume of the aerogel, when compareg, ... red fota) bulk *He, T< 100 mK (Ref. 4, (b) “He in aerogel,
to previous measurements on INfORoton measurements T=77mK. this work.

were made at 77 mK, and then at six temperatures between

800 and 1200 mK. fixed at 1.92 A and 0.14, respectively, whereas the roton
energy, peak height, peak width, and flat background were
DATA ANALYSIS left to vary as free_ parameters. . .
The observed line shape in bulk helium can be described
Extracting detailed information on the location and width well by a damped harmonic oscillattbHO) (Ref. 11 func-
of the roton peak requires knowledge of the peak shape angbn:
instrumental resolution. It is customary to use a low-

temperature measurement of the bulk liquid to model the Z(Q)

instrumental resolution, since at low temperature the roton S(Q.w)=———[ng(w) +1]

width is expected to be extremely smaRecause the IN10

monochromator crystal is changed between experiments, the 4owgl'g

resolution measurement is unique to each experiment. Such a X[wz_(wzQJrer)]er(szQ)zv (1)

low-temperature bulk measurement was not available for this

experiment. However, Fig. 1 compares the observed scatteyhere ng(w) is the Boltzmann distribution function and
ing from “He confined in aerogel &=77 mK at a momen- Z(Q), o, wg, andI'q are the strength, energy transfer, en-
tum transfer oQ=1.93 A~* with the corresponding data for ergy, and width of the roton excitation, respectively. This
bulk “He obtained on the same instruméanderseret al).* function can also be used to describe the observed scattering
Both scans are asymmetric with a shoulder on the side aff “He in aerogel. For the higher temperature scans, the data
greater neutron energy loss. This is caused by the combinat temperatures from 0.85-1.0 K and from 1.05-1.15 K
tion of the imperfecQ resolution of IN10 and the dispersion were binned into channels of 0.2 and .4V, respectively,

of the helium excitations. The intrinsic instrumental energyand then were fitted by least squares to the convolution of the
resolution is close to Lorentzian; however tl@@pproxi- DHO function with the resolution function discussed above.
mately quadraticdispersion of the rotons over theQ leads  The background was found to be independent of temperature
to an asymmetric resolution function. The extent of theand was held fixed at its 77 mK value; the height, width, and
asymmetry is well known, since it is directly related to the position of the DHO function were left to vary as free pa-
width of the cadmium mask defining theQ of IN10 (see rameters.

Anderseret al* for further details. The width of the Lorent-

zian was found to bg 0.geVv i_n the ae.rogelland O.Eev in _ RESULTS AND DISCUSSION

the bulk. A broadening of this magnitude is consistent with

the limitations imposed by the repeatability of the instrumen-  The fitted values of peak positiong and widthI' are

tal setup and shows that the broadening of the roton signashown in Table | and Fig. 2. The widths of the confined
brought about by confinement in aerogel does not exceed Orbton are very similar to those of the bulk and the energy is
peV at low temperatures. Therefore we used the lowseen to be temperature independent over this temperature
temperature aerogel scans to model the instrumental resoliange. At the highest temperatures, the sizes of the error bars
tion for this experiment. In the fitting procedure the momen-are significantly larger. This is because a separate analysis of
tum transfeiQg and the effective massy of the roton were the scans of the same temperature but different scan direction
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TABLE I. Values of peak widtH" and energyw.

TemperaturéK) 2" (ueVv) o (ueV) %
0.85 0.46-0.14 739.1+0.1 §
0.90 0.73:0.11 739.2+0.2 ~
0.95 0.86:0.28 739.1+0.3
1.00 1.73:0.51 739.1+0.2
1.05 1.86-0.54 739.0+0.1 I (o) ]
1.10 2.83-1.08 739.46:0.2 S 0l ]
1.15 3.75-1.48 739.1#1.1 % “o ‘e~ ¢Te Yo “® ?
& 738 B
E 736 | b
(temperature of the monochromatshowed that there was a ‘ ‘ .
marked difference between those scans taken while the 08 09 1 1.1 1.2
monochromator was being heated and those taken while it Temperature (K)

was being cooled. Hence the absolute differences between
the values of the energy and linewidth of each have bee
added to the statistical error bars. The systematic errors arig—nd bulk helium(open circles (Ref. 4. Solid line in (a) is the
ing from the instrumental effects are expected to be neglitemperature dependence of the roton according to the BPZ theory
gible for the width of the roton, but of the order oV for  (Rret, 3.
the absoluteexcitation energy.
The temperature dependence of the linewidth of the roton_ ; . 7
TSN . : +1ueV remains at 500 mK. Gibbst al.” found a roton
excitation is very well dgscnbed by a model first proposedwid,éur“] of some 10ueV, but at the relatively elevated tem-
by Landau and Khalatnikd?¥ and later refined by Bedell, K=Y

Pines, and ZawadowSkiBPZ). Two rotons, one created by perature of 1.3 K. The measurements reported here were per-

an incoming neutron and the other excited thermally, Cc)mformed with substantially better resolution than the previous

bine and then decay into two other quasiparticles. This Iead§tUdIeS (full width at half maximuril eV in these mea-

: : Surements compared with full width at half maximum
tgci)vglndbt;pgrclldé?ce on temperature of the linewitigh(T) =110ueV)® and show quite clearly that any broadening at

the lowest temperature does not exceed @eV. The dis-
T'o(T)=3.5851+0.060F 2 T 2ex — wo(T)/ksT]. agreement possibly arises from the differences in instrumen-
tal energy resolution. We note that resolving a scattering

. . ) feature of width 6ueV with a resolution function of width
This model predicts that the width of the roton tends towards 10 eV results in an observed linewidth very little different

zero at low temperatures corresponding toan infinite lifetim&,om the underlying resolution width. It is also possible that

at 0 K. Agreement between measured widths and the BPghat manifests itself as broadening of the peak in the Plant-
calculations are excellent for bufitie.* However, the M- evin data arises from additional scattering around the roton
perature dependence of the energy of the bulk roton is nQipergy. Very broad peaks would be observable in the Plant-
yet fully understood, with recent measuremérsowing a  evyin data, but appear only as a small background component
clear departure of behavior from that predicted by the theory, our data. It is impossible to confirm the presence of

of Bedellet al. below 1.3 K. anomalous extra background in our data since the back-

_ There has been much speculation surrounding the behays;ound contains contributions from the aerogel and adsorbed
ior of the lifetime of the confined roton at low temperatures.impurities_

. 7 . . .
Gibbset al.” showed that a decrease in the roton lifetime due |, summary, neutron experiments with energy resolution

to c.oIIi.sions with agrogel pore walls would correspond to anys |ess than 1ueV show that any low-temperature broaden-
excitation broadening of the order of only QuV. These g of the roton excitation due to the confinement of super-
authors also performed a Monte Carlo simulation which in-,id 4He in porous aerogel glass does not exceedu@Y.
dicated that multiple scattering should not give rise to anyye plan to continue these investigations to study the effect

significant broadening of the roton excitation. It is very im- ¢ yifferent pore geometries on the roton excitations.
portant therefore to establish how the roton does behave at

low temperatures and, in particular, whether it exhibits a fi- We wish to acknowledge the financial support of the Na-
nite value at low temperatures since a “saturation” of thetional Science FoundatiofGrant Nos. DMR 9624762 and
width would be an indication that other decay processes odNT 9600172 and of the U.K. Engineering and Physical
cur. The recent measurements of Planteatiml. on aerogel Sciences Research Council. We would also like to thank the
of 95% porosit§ indicated that a finite roton width of 6 staff of the Institut Laue-Langevin for their assistance.

FIG. 2. Variation of(a) the roton linewidth andb) roton energy
ap as a function of temperature for helium in aerdgelid circles
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